We have studied the temporal profile of photon-echo signals generated by combined gated cw and pulsed dye-laser excitation of the inhomogeneously broadened, 555.6-nm absorption line of 1 74 Yb vapor. We find that the echo profile is, after time reversal, essentially identical with that of the first excitation pulse. We give a new analysis of this effect. Since time-reversed pulse reproduction should also occur in inhomogeneously broadened solid samples, and since we observe time-reversed reproduced pulses up to 4% as intense as the input pulse, this effect may have important applications in optical signal-processing systems.
The temporal structure of spin and photon echoes has been studied by various authors over the years,' but only recently has it been recognized that echo shapes can be highly correlated with the shape of a particular echo excitation pulse. 2 - 4 Elyutin et al.,2 who studied the particular case of two-pulse photon echoes, appear to have been the first to notice this fact. They predicted that the two-pulse photon-echo signal could be produced so as to constitute a time-reversed replica of the first excitation pulse. Whereas their prediction has already received qualitative experimental confirmation, 3 we report here the first quantitative study to our knowledge of two-pulse photon-echo pulse shapes in the regime in which they are correlated with that of the first excitation pulse. By using separate lasers to generate the first and second excitation pulses, we demonstrate that no special phase coherence between pulses is necessary in order for the echo shape to mimic that of the first excitation pulse. Also, by demonstrating that reproduced signals (echoes) were as large as 4% of the input pulses, we show that reproduction of optical pulses by echo techniques may indeed have practical applications.
We present a new and simple analysis 4 that clearly demonstrates the conditions under which the shape of a two-pulse photon echo is completely determined by that of the first excitation pulse. Consider a strongly inhomogeneously broadened sample of two-level atoms that is irradiated by two resonant excitation pulses of the form
Ep(t, r) = 6p(t -ip) cos[c,(t -rjp)]
(p = 1, 2), where 1p = + tp.
Here c is the speed of light, kp is the wave vector of pulse p, tp is the time at which an observer located at r = 0 sees &p (t) at its maximum value, and cop is the angular carrier frequency of pulse p. We assume that the first excitation pulse (pulse 1) is amplitude modulated in an arbitrary fashion and that the second excitation pulse (pulse 2) is smoothly turned on and off. p (t) is assumed to be real. Let Tp be the total duration of pulse p and T m be the duration of the shortest temporal feature in pulse 1. We assume that pulses 1 and 2 are exactly copropagating so that our analysis applies, to both gaseous and solid-state samples. We assume that the sample is optically thin and has negligible dispersion and that rp << T 2 for all excitation pulses, where T 2 is the homogeneous dephasing time of the sample.
It is generally quite difficult to calculate an atom's response to a temporally complex excitation pulse 5 ; however, we propose 4 a simple approximate approach that we expect to be valid whenever power broadening can be neglected. Let
Ep (Xo= Ep(t-qp)ediwt dt
be the Fourier transform of pulse p. We assume that an atom's response to the actual pulse p is equivalent to the atom's response to a temporally square, constant-phase pulse of duration rp and of the form ep(t, r) = |-) Ep*(ca)e-iwat + c.c., (1) where in a gas (solid) coa is the Doppler-shifted (strain-shifted) resonance frequency of the atom. The coefficient (2w/i-rp)Ep* (ca,) effectively represents that part of the excitation pulse's electric field that would pass through a spectral filter of width (2w/rp) and central frequency Wa. Spectral components outside this window do not remain in phase with the atom throughout the duration of the pulse; hence their effect is assumed to average to zero. The agreement between our theory and the experiment described below attests to the validity of Eq. (1 The electric field emitted by the sample as a whole, which includes the echo signal, is then given by (t >
where g(Wa) is the inhomogeneous absorption profile of the relevant transition. We may rewrite expression (2) as
where g(-Wa) = g(wa 
i.e., the echo envelope is a time-reversed copy of that of pulse 1. Expression (4) will be most nearly true if three conditions are fulfilled: (1) domly time-varying phase factors. In this more-general case, however, the interpretation of the conditions as given above becomes more involved. In the case of pulse 2, our experiment verifies this more-general result.
Note that, because E 2 (wa) appears squared in expression 3, it will not generally be possible to produce photon echoes having the same shape as pulse 2. In our experiment (see Fig. 1 ), pulse 1 was generated by acousto-optic deflection from the output of a single-mode cw dye laser. The maximum bandwidth of pulse 1 was -20 MHz. Pulse 2 consisted of the 15-GHz spectral-width and 8-nsec temporal-width (full width at half-maximum) output pulse of an excimer-laserpumped dye laser. The delay between pulses 1 and 2 was controlled electronically. Under our experimental conditions (copropagating excitation), the free-induction decay emitted after pulse 2 followed the same path as the two-pulse echo. Interference from this free decay (which may be understood 6 in terms of stimulated echoes produced by pulse 2 and subpulses of pulse 1) was eliminated by setting td, the delay between the trailing edge of pulse 1 and the center of pulse 2, to values larger than 'r 1 . In typical situations, td -200 nsec. In all cases, 'Tm > 3-2 >> T 2 * -0.6 nsec, as required if the echo shape is to be determined solely by that of pulse 1. In the sample, the pulses had a 2-mm spot size, and pulse 1 (pulse 2) had a peak power of -0.5 mW (u600 W). The intensity of pulse 2 was set at a value that experimentally maximized the echo size. This value agrees well with the value calculated to give pulse 2 an area of 7r. The area of pulse 1 is calculated to be <7r/2. The large difference in intensity between pulses 1 and 2 results from the large difference in spectral widths.
Our experiment was conducted on the 555.6-nm (6s 2 )'S0-(6s6p) 3 P 1 transition of nuclear spin zero 1 74 Yb.
The stainless-steel Yb oven had an active region of -10 cm. Pulse 1 was tuned near the center of the Doppler profile and the sample temperature (r410 0 C) adjusted to keep the total sample transmission at about 25%. A tandem Pockels-cell arrangement was used to keep intense light from pulse 2 from saturating the photomultiplier tube (PMT). The output of the PMT (rise time about 5 nsec) was amplified, and individual echo pulses were recorded on a storage oscilloscope. Large shot-to-shot fluctuations in echo intensity were observed, which we attribute to fluctuations in the spectral energy distribution of pulse 2. Echoes produced by gating the cw laser twice in succession were quite stable. The echoes shown range from 2 to 4% of the corresponding pulse 1. Despite the respectable size of the echoes compared with pulse 1, the low pulse 1 powers available in our apparatus (;0.5 mW), the large (a factor of 25) optical losses between the sample and the detector, and the low (rt2%) quantum efficiency of our PMT left us with echo signals exhibiting a shot-noise level of about 25%. Possible improvements in the optics and the detector can reasonably be expected to provide larization associated with the leading peak of pulse 1 (trailing peak of the echo) must persist considerably longer than that associated with the trailing peak of pulse 1. This fact alone accounts for the asymmetry in
Figs. 2(e) and 2(f). In a gas, excitation-pulse noncollinearity gives rise to an additional exp(-at 2 ) relaxation factor. 6 reshaping.
In conclusion, we have demonstrated that two-pulse photon-echo signals possess the time-reversed shape of the first excitation pulse under conditions in which (1) one of the excitation pulses (pulse 2) is highly nonFourier-transform limited, (2) the second pulse is sufficiently intense to maximize the intensity of the echo signals, and (3) the sample is sufficiently optically thick (approximately one absorption length) to produce echoes 4% as intense as the first excitation pulse. These results are also interesting because they tend to confirm the recent technologically important prediction 4 that pulse shapes can be stored in slowly relaxing spatial and spectral distributions of population in particular energy states of an absorbing sample.
